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I. SUMMARY 
ION SOURCE AND SPECTROMETER CALIBRATION SYSTEM 
The plasma-ion source system described in this report  and used 
for  r. f .  m a s s  spectrometer calibration purposes i s  capable of producing 
monoenergetic beams of space charge neutralized ions of a l l  gaseous 
species (atomic and molecular) from m a s s  1 to m a s s  40. 
p rducec!  have been from 2 to 100 eV of - one volt energy spread with 
maximum densities above 10 amps/cm (10 to 10 ions/cc)  in a l l  cases.  
Beam energies 
t 
- 8  2 4  5 
A radio frequency head may be used to produce a source plasma 
which i s  r ich in the atomic specie of a particular ion for the production 
of beams of high atomic composition. 
and hydrogen beams of over 60% H have been generated. 
t 
Nitrogen beams of over 3074 N 
t 
A hot filament head can alternately be used where long operating 
time, stable and reliable operation is mandatory. Also, this source 
i s  preferable a t  very low energy beam production where the isolation of 
radio frequency fields f rom the working portion of the vacuum chamber 
is mandatory. 
The fundamental difficulties associated with the production of 
dense, monoenergetic, large cross-section ion beams of low energy a t  
low operating p res su res  have been under investigation for  over two years  
with this calibration system. A number of novel incorporations were 
made into this system to optimize each of the above beam parameters  
without materially degrading the other beam properties.  
The low energy operation i s  obrained by extracting the ions f rom 
a dense gaseous plasma by means of a two mesh (acceleration/deceleration) 
technique. 
negative potential to provide extraction of a dense ion beam. 
(deceleration) mesh i s  placed at a positive potential with respect to the 
first- - such that the difference in potentials represents  the extracted ion 




to provide a field-free region for propagation of the ion beam. 
of 2 eV energies have been produced by this method. 
Actually, the second mesh  is placed a t  chamber ground potential 
, Ion beams 
The ion beams'  energy sharpness and low operation pressure  a r e  
obtained by the maintenance of a differential p re s su re  between the ion 
source and tes t  instrumentation portions of the vacuum chamber. 
dense plasma production the pressure in the ionization region should be in 
the 10 
a t  10 Tor r  o r  lower pressures .  To accomplish this, the ion source is 
pressure-  sealed and the acceleration mesh  is actually a perforated plate 
2 
with total hole pattern open a r e a  of the o rde r  of 0.1 c m  . This enables 
a pressure  difference of three orders  of m a g n i t d e  to exist  between the 
ionization and tes t  portions of the vacuum chamber. 
of monoenergetic beams is directly related to the constancy and uniformity 
of potential of the ion plasma in the ionization region, where extraction 
takes place, a dense plasma here  i s  desirable. 
highly conductive and provide minimum potential variation across  their 
boundaries. In this technique, since the ionization p res su re  is optimized, 
the plasma density and hence monoenergeticity a r e  a lso very high. 
Energy spreads of l e s s  than 
beams of a l l  gases f rom m a s s  1 to mass  40. 
For  
- 3  
Torr  range, but it is desirable to have the main chamber operate 
- 6  
Since the production 
Dense plasmas a r e  
one volt have been obtained for 10 eV ion 
The ion density and density distribution in cross-sect ion for large 
diameter  beams i s  initially related to the extraction efficiency and plasma 
dehsity available. 
The downstream density distribution, however, is  related to the control 
one exerc ises  over the coulombic spreading process  which effects a l l  
monocoulombic beams. 
neutralizing electrons f r o m  a hot filament configuration into the propagation 
region to space charge neutralize the beam path length and reduce the 
natural  spreading. 
to obtain special beam cross-sect ion effects. 
This is maintained at a high level as noted above. 
The technique used here  is one of injecting 
A number of neutralizer arrangements have been used 
This can be understood, 
2 
since the downstream ion density at any point in the beam's  cross-sect ion 
will be related to the effectiveness with which space charge neutralization 
has occurred along its propagation path. 
neutralization ion beams of hydrogen and nitrogen have been produced with 
densities exceeding 10 amps /cm , at distances 65 centimeters down- 
s t r eam and with l e s s  than -10% density dropoff over a 10 centimeter and 
more  beam diameter. 
At 10 eV energy, space charge 
-8  2 
t 
The calibration t e s t  stand consists of a vacuum chamber of working 
dimensions of about 20-inch length x 24-inch width x 12-inch depth. 
10-inch oil diffusion pump system permits beam generation in the 10 




This system has been in use for  almost two years  for its pr imary 
purpose of calibrating a radio frequency m a s s  spectrometer of the Bennett 
type. 
Additional use i s  made of the system for other experiments requiring 
space asimulation of the satellite environment. Such effects a s  attitude 
sensing, drag and electrostatic charge and potential distribution can be 
readily investigated with this equipment. 




11. INTRODUCTION TO CALIBRATION SYSTEM 
The R. F. Mass Spectrometer Calibration System described in 
this report  i s  for use in ground calibration of the Bennett R. F. Ion Mass 
Spectrometer. 
satellite systems for making direct  measurements of ion composition 
and ion density. 
require an extensive and reliable check-out and calibration operation 
to a s su re  that in-flight space- telemetered data received i s  accurate,  
meaningful and interpretable. It is  in  the light of satisfaction of this 
requirement that this calibration system has been developed. 
The Bennett spectrometer i s  currently used in spaceborne 
P r io r  to flight, these one- shot measurement systems 
- 
The calibration system generally consists of a large vacuum 
chamber with two sections capable of differential pumpting, two ion 
source subsystems, an integrated electronic subsystem and a plasma- 
ion beam diagnostic subsystem. 
integration of these subsystems is described in Section I11 of this report .  
Suffice it to say here  that the properties of the ion beams 
The capabilities and functional 
d 
produced by this system can be useful in the calibration of m a s s  spec- 
t rometers  measuring those ionic qualities of space compatible with the 
following ranges of ion beam parameters .  
A. Beams of singly- charged ionic composition from 
t t 
hydrogen (H a t  m a s s  1) to argon (A a t  m a s s  40).  
Specifically, the ion species involved a r e  those of 
hydrogen, helium, nitrogen, oxygen, neon and argon. 
- 8  2 
B. Beam densities of 10 amperes / cm and lower. 
C. 
D. 
Beam energies f rom 5 to 100 electron volts. 
Fifteen centimeter beam diameters with better than 
20 percen ion c ros s -  section density uniformity. 
Beams of a monoenergetic nature with fairly high 
ratios of atomic to molecular ion content. 
E. 
4 
-6 F. Beams produced a t  10 Torr  operational pressures .  
Specific definition of these beam parameters  i s  discussed 
in Section IV of this report. 
in A. through F. above a r e  produced independently by one 
o r  the other of two ion source subsystems. These employ 
hot filament or  radio frequency methods for the creation 
of the mother plasma respectively, and provide beams 
with characterist ics unique to the method employed. 
The beam properties noted 
Operationally, the Bennett Mass Spectrometer is installed upon a 
magnetically-coupled rotatable table within the calibration system main 
vacuum test  chamber. The appropriate ion source i s  installed, suitable 
electrical  connections made and the system pumped c 3wn. 
pressure  background in the low ( -7  o r  -8)  T c r r  range i s  reached with 
liquid nitrogen cooling, the source is  actuated using appropriate gas for  
the ion specie desired,  and beam energy, density and cross-sect ion 
distribution i s  measured by the Faraday cup subsystem. 
parameters  a r e  then se t  by adjustment of potentials upon the source 
electrodes. When the proper beam aonditions a r e  obrained, ionic 
rotational data may be taken in yaw plane with the m a s s  spectrometer 
enabling i ts  calibration. 
When a 
The beam ionic 
5 
. 
111. CALIBRATION SYSTEM COMPONENTS 
CONSTRUCTION, ASSEMBLY AND OPERATION 
The major system components to be considered a r e  the vacuum 
subsystem, source subsystem, electronic subsystem and beam diagnostic 
subsystem. 
individually and in association with each other,  is described in this section. 
The general characterist ics of each of these subsystems, 
A. VACUUM SUBSYSTEiM 
The high vacuum system provided consists of the 
following components: A 250 l i ters /second two stage 
forepump with foreline thermocouple gauge, 4-inch and 
10-inch diameter oil diffusion pumps with their respective 
chevron baffles and liquid nitrogen reservoi rs ;  a Bayard- 
Alpert type ionization gauge and beam propagation and 
calibration chamber providing the necessary vacuum ports 
to permit  ion source, Faraday cup manipulator, rotatable 
table mechanism and diagnostic m a s s  spectrometer 
installation plus a sapphire viewing window. 
and 2 show left and right front views of the vacuum 
component installations upon the steel  mounting assembly, 
respectively. 
throughout for the vacuum chamber proper.  
a two-view outline drawing showing the dimensional 
relationships between the chamber components noted. 
It is seen that the chamber i s  bisectional and differential 
pumping is possible between sections, due to pump 
locations, i f  a constriction i s  provided between chamber 
sections. In operation the thermocouple and ionization 
gauge signals a r e  monitored by an ionization gauge control 
of standard design which automatically turns off the 
Figures 1 
Non-magnetic stainless steel was used 
Figure 3 is 
6 
I , 
diffusion pumps i f  the pressure scale setting on the control 
is exceeded a t  any time. 
i s  provided to deactivate the pumps if the water pressure  
i s  lost  to the diffusion pump water cooling system. 
pump oil selected fo r  use in this subsystem i s  Convalex-10 
pump fluid due to i t s  very low vapor p re s su re  and total 
absence of silicon as a possible spectrometer contaminant. 
The Ope rating Instruction Manual accompanying this Final 
Report descr ibes  the properties of this mater ia l ,  a s  well 
a s  the control capabilities of the p re s su re  monitoring 
equipment used. 
Also special control circuitry 
The 
In operation, without liquid nitrogen cooling the 
chamber, p ressure  as read by the ionization gauge control 
will reach the mid-  ( - 6 )  Tor r  range in overnight pumpdown. 
Subsequent pumping of any length provides a minimum 
pressure  of about 4 x 10 Torr .  Addition of liquid nitrogen 
to the cold t raps  will permit reaching p res su res  in the low- 
( -  7)  range within fifteen minute s. 
will permit  8 x 10 
extended cooling period (ten hours o r  more )  a minimum 
background pressure  of 6 x 10 
- 6  
Additional cooling time 
- 8  Torr to be reached and perhaps over an 
- 8  Torr  i s  achievable. 
B. ION SOURCE SUBSYSTEM 
This subsystem consists of two water  cooled ion 
sources,  mechanically interchangeable, capable of alternate 
mounting on the vacuum chamber source port. 
guishing features of these sources a r e  determined by the 
manner in which the plasma i s  produced for  beam generation. 
Both hot filament and radio frequency gas breakdown 
techniques a r e  employed and each sources '  construction i s  
The distin- 
7 
adapted to the particular method used. 
by each source have a number of propert ies  unique to them- 
selves, therefore, the availability of two sources extends 
the parametr ic  calibration range of the system beyond that 
which could be provided by either source alone. 
1. Filament Source Svstem 
The beams produced 
This source system produces gas plasmas 
for ion beam extraction by the hot filament production 
of thermal electrons,  their subsequent accleration 
and ionization of netural  gas molecules and ultimate 
beam extraction and neutralization. Figure 4 shows 
an exploded view of the filament source components. 
F rom the left is seen the vacuum flange cathode 
shell which contains the hollow cathode tungs ten 
filament, the electron accelerating grid plate, the 
main anode plasma- containing electrode and the 
acceleration mesh. 
i s  the hollow cathode insulating baseplate, the 
electron grid accelerating electrode assembly with 
physical light block and a neutralizing filament holder 
assembly. 
hollow cathode assembly. 
for sequential use to extend the operating life of this 
system. 
source components. In this view the acceleration 
mesh  is a perforated metallic plate with a 135 hole 
pattern of 0 .1  cm open hole a rea .  The deceleration 
t 
mesh,  consisting of 90 percent transmission 
knitted tungsten fabric, cannot be seen but i s  supported 
F rom foreground left to right 
Figure 5 shows an exploded view of the 
Four filaments a r e  provided 
Figure 6 shows the assembled view of these 
2 
on the ring downstream f rom the acceleration plate. 
The neutralizing filaments a r e  supported on the ceramic 
standoffs a s  shown. 
8 
The theory of operation of this source i s  a s  
The thermally produced electrons a r e  follows. 
extracted and accelerated from the cathode by the 
auxiliary anode and grid electrode assembly. 
electrons pass  through the small  grid block, a r e  
conically fanned out, and further accelerated by the 
main anode potential until impaction with it. These 
ionizing electrons acquire f rom 50 to 100 eV in this 
process  and a re  sufficiently energetic to ionize 
the neutral gas molecules (to the f i r s t  ionization 
state) which have been bled into the source system. 
The 
The plasma which forms in the main anode can 
is typically referenced electrically to the main anode 
electrode since i t  is the most  positive element within 
the plasma generation system. 
main anode potentialwise to ground, the beam energy 
may be established and maintained a t  any reasonable 
value. 
produced by this method. 
By referencing the 
Beam energies f rom 2 to 100 eV have been 
The acceleration mesh  (perforated Plate) 
contains a small open-hole a rea .  
the maintenance of differential p ressure  pumping 
between source and calibration sections of the chamber,  
and it makes a broad diameter fairly uniform cross-  
section density ion beam possible. 
coulombic forces always present within ion beams tend 
to disperse the beam density rapidly with beam length. 
Beams of suitable density extracted f rom a single hole 
mesh, therefore, exhibit low density and poor c ross -  
section uniformity over wide beam diameters and long 
This permits  both 
Generally, 
9 
trajectories.  The multi-hole extraction mesh  
permits the superposition of individual ion beams 
to form a composite beam of suitable density and 
uniformity, 10 eV beams of 10 amperes / cm with 
90 percent uniformity over 12 centimeters diameter 
and 70 centimeters distance have been produced by 
this method. 
-8  2 
The io2 extraction method employed involves 
the use of acceleration-deceleration techniques. 
acceleration mesh is referenced potentialwise negative 
to the plasma (main anode) potential. 
within the plasma a r e  attracted in  this direction 
and the electrons a r e  repelled. 
through the multi-hole acceleration plate, they 
approach the deceleration mesh  which i s  placed at 
ground potential. This mesh  looks positive to the 
beam ions and they a r e  slowed down to the identical 
energy a t  which they were created within the main 
anode. Therefore, beams of various controlled 
energies may be produced. 
i s  a completely open electrode of better than 90 percent 




After the ions pass  
The deceleration mesh  
Since positively charged ion beams tend to 
geometrically spread rapidly, space charge neutraliza- 
tion of these ion beams i s  used to provide more  dense 
beams over greater distances. 
ion beams typically will yield f rom four to ten t imes 
more  density over the beam geometry noted above. 
Neutralization is accomplished by exciting a small, 
Neutralization of 10 eV 
10 
2. 
suitably located, tungsten filament to emit  electrons 
into the beam immediately following the ions'  passage 
through the deceleration mesh. Also, a physical 
light block i s  used about the neutralizing filament to 
prevent the more energetic electrons produced f rom 
illuminating and influencing the diagnostic and other 
equipment under calibration. The electrical  relation- 
ships between the source elements and their  operation 
i s  described i n  Section 111, C. 
Operating periods of over thirty hours have 
been obtained with a single filament using this source 
system. All gases have been ionized of masses  f rom 
1 to 40 (hydrogen to argon) with only the lifetime of 
oxygen beams being quite short. 
attempted, it i s  understood that i f  the tungsten filaments 
a r e  replaced by rhenium filaments the life expectancy 
for  oxygen beam production will be accordingly long. 
Typically the filament ion source i s  noted for  ra ther  
high density, low energy ion beam production where 
high stability in energy, density and density distribution 
a r e  needed. 
i ts  minimum operating pressure  and atomic to 
molecular ion ratio is  not a s  favorable a s  obtained 
with the radio freauency ion source. 
Radio Frequency Source System 
Although not 
Although it excels in these qualities, 
This source produces the mother plasma by 
radio frequency breakdown of the neutral gas molecules 
present within the source ionization chamber. 
powers of the order  of 100 watts a t  frequencies of 
about 15 megahertz produce a dense and rapid electron 
oscillation within the pyrex cylinder, ionization region. 
R. F. 
11 
This creates  the plasma a t  a potential determined 
by a combination of the r. f. power input, operating 
pressure  and gas type. This plasma is referenced 
to ground potential by means of a r A a i n  anode, spiderweb 
shped, electrode electrically immersed  in the plasma. 
The beam extraction, acceleration/deceleration and 
neutralization is  accomplished a s  discussed in 1. 
above for  the filament source. 
of the assembled r. f .  source. 
Figure 7 shows a view 
Operationally, the r. f .  source offers the 
advantages of essentially unlimited operating life due 
to obviating the need for filaments to produce ionizing 
electrons. 
gas species (including oxygen) can be produced for 
extended periods since the plasma i s  contained within 
a dielectric, non- corrosive envelope consisting of a 
pyrex cylinder and a mykroy baseplate. 
importance a re  the facts that minimum beam operating 
pressures  close to 10 Torr  and relatively high atomic 
to molecular ion ratios can be obtained. 
gas of the desired ion specie type i s  bled into the 
Another advantage is that plasmas of a l l  
Also of 
- 7  
In practice,  
- 5  
source until an operating pressure  of about 3 x 10 
i s  observed. 
power set  between 70 and 100 mill iampers a s  read on the 
power supply ammeter ,  the gas bleed is  now reduced 
until the desired operating pressure  i s  indicated. 
proper potentials a r e  then applied to the source 
electrodes, the diagnostic equipment i s  used to verify 
the beam parameters  and calibration may begin. 
The electrical interrelationships between source components 
and their functional dependence i s  described in the 
next section (111, C. ).  
Torr  




- 9  2 
amperes / cm Ten eV nitrogen ion beams of 10 
have been produced a t  operating pressures  of 
3 x 10 
ratios of 30 percent. 
- 6  
Torr  with atomic ion to total ion composition 
ELECTRONIC SUBSYSTEM 
This subsystem consists of a number of special purpose 
power supplies capable of providing the proper potentials to 
the source electrodes and diagnostic subsystem for system 
operation. 
ion source types, so  minimal wiring changes a r e  needed to 
adapt the subsystem to the particular source in use. 
section the commonality and differences in the electronic 
interconnection between units for the two source systems 
will be described. Generally, the electronic units a r e  mounted 
in two standard equipment racks with the exception of the 
diagnostic m a s s  spectrometer control unit which i s  individually 
chassis  mounted. Penal me te r s  a r e  built into the rack 
assembly for easy visibility and al l  power supply controls a r e  
readily accessible. Since the integration of all  the calibration 
subsystems will be treated in Section 111, E . ,  suffice i t  to show here  
Figure 8, which indicates an ope rational configuration for 
these equipments used in the past. 
in the deliverable system, however. Specific details of the 
individual power supplies' specifications a r e  to be found in 
the Operating Instruction Manual furnished a s  par t  of this 
contract, and will not be discussed here .  Also included a r e  
the Manufacturers Operating and Maintenance Manuals for  the 
calibration source e quipme nt supplied. 
Most of these units a r e  used in common for both 
In this 
Some changes a r e  reflected 
1 3  
1. Electronics for  Filament Source 
The filament source electronic s chematic 
Typical operating voltages i s  shown in Figure 9. 
and currents  a r e  shown for the ion source electrodes 
located within the dashed-line a rea .  
notation is used: 
auxiliary anode; G for grid; MA for main anode; 
M 
mesh;  N for neutralizing filaments; and SF for 
smoothing filter components. 
shown a s  E 
respect to system ground whereas those noted a s  
E 
It i s  seen that the cathode (negative side of main 
filaments) i s  generally the most  negative element of 
the source electrode system. 
grid and main anode a r e  sequentially made increasingly 
more  positive to accelerate the filament emitted 
electrons sufficiently to ionize neutral gas molecules 
in the main anode area .  The plasma established in 
the main anode, and electrically reference to it, i s  
driven to the desired energy level by adjustment of the 
energy- setting power supply, 
i s  connected directly between main anode and ground, 
the beam energy i s  fixed a t  this level. 
The following 
F for main filaments; AA for  
for acceleration mesh; M. for  ground referencing 
2 1 
The opertaing voltages 
a r e  typical voltages measured with wrtG 
a r e  measured with respect  to cathode potential. wrtC 
The auxiliary anode, 
Since this supply EE' 





to the plasma potential by power supply (E 
to at t ract  and extract  the plasma ions. 
deceleration/ground- referencing mesh  (M ) i s  placed 
a t  ground potential and slows the ion beam produced 
) a s  shown 
14 
back to the energy of formation within the main anode 
area.  
i s  created a t  +10 volts above ground potential and hence 
produces a 10 eV ion beam. 
ground potential, the ion beam propagates through a 
field-free region to the calibration and diagnostic 
equipment without further energy change. 
For  the circuit shown it i s  seen that the plasma 
Since the l a s t  mesh  is at 
The neutraliz- 
.- 4 electrons a re  injected into the ion beams by 
1' 
filament (N) at a point slightly downstream from M 
This permitd space charge neutralization of the beam 
area ,  reduces internal beam spreading effects and 
provides a more dense calibration beam in operation. 
Typical circuit  operating currents  a r e  also shown in 
the schematic. 
direction implies an  ion current  i s  obtained, whereas 
negative values indicate the presence of electron 
currents .  
voltage and current a r e  to be expected in the actual 
operating case since they vary considerably with 
operating pressure and gas type. However, the general 
relationship is essentially preserved. 
Electronics for Radio Frequency Source 
A positive sense for the current  a r row 
Some variation in these typical values for 
2. 
The radio frequency source electronics schematic 
i s  shown in Figure 10, which reveals the basic 
simplicity of the r. f .  source system. The entrant gas 
i s  dissociated and ionized by the acceleration field of 
the oscillatory electrons produced by the radio 
frequency field supplied ac ross  the ionization chamber. 
Plasmas formed in this manner within a dielectric 
restraining envelope (in this case a pyrex cylinder) tend 
to establish themselves a t  a negative potential with 
respect to ground. 
15  
The negativity of this potential is a function of the 
operating pressure,  gas type and r .  f .  input drive 
power. The plasma potential is not quite unique but 
develops a potential gradient ac ross  i t s  boundaries. 
It has been found that, i f  a suitable main anode electrode 
is immersed in the plasma cloud, it i s  possible to 
vary the plasma potential in accordance with potentials 
applied io this element. 
for  the configuration and conditions shown in Figure 10, 
a main anode (MA) potential of about -35  volts with 
respect to ground will drive the plasma in such a 
direction a s  to produce the 10 eV ion beam a s  shown. 
The explanation for this effect i s  that the negativity 
noted in the plasma measurement is due to the large 
number of oscillating, ionizing electrons collected 
by the measurement probe. 
however, i s  quite positive with respect  to ground 
(believed about t 5 0  volts) and this ion energy can be 
varied by driving the main anode negatively with 
respect  to ground. 
between probe measurements  made of the plasma ion 
potential variation with main anode potential. These 
data a r e  shown in Figure 11 for  a source operating 
p res su re  of 8 x 10 
makes possible the production of arbitrari ly-low energy 
ion beams. Without this technique the minimum energy 
ion beam capable of production i s  about t 3 5  volts. 
The other source elements shown in Figure 10 perform 
It has  been determined that 
The plasma ion potential, 
A nearly l inear relationship exists 
- 6  
Torr .  It i s  this relationship that 
identical functions a s  explained in 1. above for the filament 
source. 
respect  to ground and circuit  currents  a r e  shown also. 
Typical electrode potentials measured with 
1 6  
I c 
The radio frequency power supply provided for 
gas ionization was designed and constructed by these 
laboratories.  
in the 20 megahertz region supplying a maximum 
output power of about 600 watts. 
this amount of power i s  in excess of that required to 
produce the low energy ion beams needed. 
automatic overioad and prstection features a r e  
incorporated in the unit a s  described in the Operating 
Instruction Manual. Figure 12 shows two views of the 
internal construction of the r. f .  supply, and Figure 13 
i s  the electronic circuit  schematic for this unit. 
It is  capable of fixed-frequency operation 
It has been found that 
A number of 
D. ION BEAM DIAGNOSTIC SUBSYSTEM 
A number of supporting systems provided a r e  involved 
with the measurement of the ion beam parameters  and r. f .  m a s s  
spectrometer calibration operation. 
consist of the Faraday cup system used for beam energy, density 
and density distribution measurement;  the mass  spectrometer 
(residual g a s  analyzer type) used for beam energy and atomic 
to molecular ion composition measurement;  the rotary magnetic 
manipulator for  Faraday cup positioning and the magnetically 
coupled rotating table assembly for  use  in positioning the r .  f .  
mass  spectrometer during calibration tests.  
operational information and constructional data on these units 
will be found in the Operating Ins tructions Manual and will not 
be repeated here.  However, a discussion of these systems'  
capabilities to provide meaningful ion beam properties data and 
positioning information is useful and will be presented in this 
section. 




I ' . .  1. Faraday Cup System 
Data was initially taken with a Faraday  cup of 
standard design consisting of a grounded guard ring, 
a bias  mesh  placed a t  a slight negative potential 
to ground, and a collector cup for  ion beam cur ren t  
measurement .  It was observed f r o m  ion beam retardation 
data taken that the beam energy sharpness  was poorer  than 
would be expected f o r  beams produced by the fi lament 
source system. 
standard cup design in the measurement  of low energy 
(10 eV) ions that could be cor rec ted  with a new Faraday 
cup configuration. 
between the mesh and collector cup can be reduced and 
that beam ions of inappropriate energy reaching the 
cup sys tem from non- coll imated/axial  beam origins 
can be eliminated f rom the beam ion cu r ren t  measu re -  
Two probable faults existed with the 
These a r e  that capacitive effects 
ment. 
Figure 14. 
The new Faraday cup schematic is shown in 
The cup construction consis ts  of a hollow outer 
conductive can about 3/8-inch in diameter .  A thin 
insulating l iner of mykroy is located a s  shown which 
supports the electron mesh  and isolates  the guard 
cylinder f rom the outer  shell. The collector plate 
is located at the r e a r  of the assembly a s  shown. 
All elements a r e  epoxied in place together with the i r  
conductors. 
collector to ground indicate collector impedance of the 
o r d e r  of 2500 megohms which is  satisfactory for  the 
ranges of current  operation with the e lec t rometer  
system. 
Measurements of leakage cu r ren t  f rom the 
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I . .  The feeling a t  the laborator ies  has  been that 
the energy sharpness of the ion beams produced has  been 
better than the indications obtained with the old 
Faraday cup. 
shown a s  guard cylinder and collector in Figure 14 
were  electrically a l l  p a r t  of the collector. 
an ion approached the r e a r  collector plate (bottom of 
cup) i t  would experience the retardation field produced 
by the potential of E Some ions,  however, may 
take paths s imilar  to that shown where they can be 
collected and reg is te r  a s  cup cu r ren t  when their  t rue  
energy is less than indicated by the retardation 
potential needed for  zero  cup cur ren t .  
this possibility the new cup was designed such that 
the bottom collector plate was electr ical ly  isolated f r o m  
the cup walls. 
cylinder (I ) a r e  returned to ground through the 
g 
retardation supply (E 1 without being measured  by 
the electrometer .  
increased energy sharpness  measurement  of the ion 
beams produced and i s  believed to represent  the actual 
ion energy spread much more  closely than previously 
obtained. In operation a smal l  negative bias  voltage 
(EB), a s  shown, is applied to the m e s h  to repel any 
ground potential referenced thermal  e lectrons present  
at the cup entrance. 
e i ther  a s  secondaries f rom the chamber walls o r  a s  
thermals  f r o m  the hot neutralizing filaments. The 
configuration of cup elements shown in  Figure 14 is 
believed to best  and most  appropriately measu re  the 
energy of ;he p r a l l e l / c o a x i a l  ion flow in  the beams 
produced. 
In the old cup ar rangement  the elements 
Then a s  
R' 
To preclude 
Those ions collected by the guard 
R 
This technique has  mater ia l ly  
These electrons can originate 
19 
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F igure 15 shows a view taken through the vacuum 
chamber window of the Faraday cup and entrant end of 
the diagnostic mass  spectrometer  sys tem as installed 
for  operation. 
(not seen)  located to left  of the cup proper .  
capable of vertical  positioning a c r o s s  the ent i re  beam 
diameter  fo r  ion beam density and energy distribution 
measurements .  
The ion beam i s  produced by the source 
The cup is 
2. Mass Spectrometer System 
The m a s s  spectrometer  sys tem used for  beam 
energy verification and atomic to molecular ion content 
was provided on subcontract to these laborator ies  f rom 
Geophysics Corporation of America,  Bedford, Massachusetts.  
This instrument  was adapted f rom a conventional 
residual gas analyzer which separa tes  ions of different 
m a s s  species  by varying the velocity (potential) with 
which these ions t r ave r se  a fized magnetic field. 
particle deflection in the field is  then inversely 
proportional to the mass and velocity of the ion specie 
involved. The following relationship holds for  singly- 
charged ionic particles:  
The 
112 B = 28.7 (MWV ) 
C 
where: B = 
M =  
v =  
C 
magnetic field strenght in gauss 
ion mass in a tomic mass units 
ion total potential (velocity) in volts. 
It is seen fo r  a given magnet of fixed field strength that 
the M-V product is  a constant. Since the m a s s  is 




voltage i s  measured,  it is  now possible to determine the 
initial energy of the ions being measured.  V represents  
the total energy which the particle has  when passing 
through the magnetic field. This velocity acquired o r  
total potential equivalent, which the ion possesses ,  is 
composed of the initial ion energy acquired before 
entering the m a s s  spec t rometer ,  the beam energy ( V  ) ,  
e 
in addition to t h e  acceleration potential acquired in the 
m a s s  spectrometer  operation, the scanvoltage ( V  ). 
Therefore,  we have: 
C 
S 
v = v  + v  
C e S 
then substituting and solving for  V in equation (1): e 
2 
e 8 2 4 m  S 
- v  v =- B 
Since a l l  quantities a r e  known o r  measured ,  calculation 
of the init ial  ion energy is  possible. 
A unique feature of this sys tem is that two magnets 
a r e  provided f o r  ion m a s s  measurements  in the 10 - 40 
mass range. F o r  diatomic ion species  such a s  oxygen 
and nitrogen this makes possible an  accura te  measu re -  
ment  of the atomic to molecular ion population ratio.  
F r o m  equation (1) it is seen that i f  V 
made the same for  both the atomic and molecular 
species the following relation exis ts :  
and V a r e  
e S 
( 3 )  
2 1  
I 5 
3 .  
Since the atomic and molecular ion energies a s  
produced in the beam will be equal, it i s  seen that 
two magnets with a 1. 414 ratio between their  field 
intensities will calibrate the two species a t  the same 
scan voltage ( V  ). 
proper  atomic/molecular ratio since the sensitivity 
of the m a s s  spectrometer  var ies  with scan voltage 
and m a s s  peaks observed a t  different scan voltages 
a r e  not in t rue  density proportion to each other.  
Figure 16 shows the m a s s  spectrometer  
assembly with magnet in place on the Vee-tube portion 
of the system. 
nylon block with the leftward located spectrometer  
tube being within the vacuum chamber.  
shows the spectrometer assembly a s  installed on 
the vacuum chamber for sys tem operation. The 
spectrometer  control and electrometer  indicator 
a r e  shown on the table in the foreground. 
This i s  important to obtain the 
S 
The vacuum interface i s  a t  the white 
Figure 17 
A complete discussion of the electr ical  
interconnection, operation and maintenance of this 
sys tem is found in the Operating Instruction Manual, 
supplied a s  part  of this contract .  
Rotatinp Table and Manipulator System 
These systems were  developed to facilitate 
the proper ,  i n  vacuo positioning of the m a s s  spectrometer  
being calibrated and the Faraday cup tes t  assembly,  
respectively. 
through the vacuum chamber wall to accomplish 
the rotational torque desired.  
specifications relating magnetic field strength with 
Both devices employ magnetic coupling 
The magnet manufacturers '  
2 2  
E. 
distance f rom the magnets,  together with magnetic 
strength Hall measurements  made ,  indicate that the 
contribution of magnetic field strength along the ion 
beam trajector ies  due to these magnets i s  of the o r d e r  
o r  slightly l e s s  than that of the e a r t h ' s  magnetic 
field. Therefore, even for  10 eV hydrogen beams 
the deflection effects due to these magnetic fields 
(0 .1  to 0. 2 gauss) will be minimal.  
the turntable assembly in the background and the 
manipulator with magnet attached in the foreground. 
Both devices a r e  calibrated and rotational values 
indicated by angular degree sca les  graduated to a 
reading accuracy of bet ter  than one degree.  
"backlash" is experienced in these magnetically 
coupled systems, but i t  i s  believed that repeatable 
rotational positioning accuracies  of bet ter  than - 1 
degree a r e  obtained with these systems.  
shows the turntable assembly,  as installed within 
the vacuum chamber, supported over the 10-inch 
diffusion pumping port .  




Complete assembly and pa r t s  drawings for 
these two systems a r e  included in the Operating 
Instruction Manual furnished a s  pa r t  of this contract. 
INTEGRATED SYSTEM DESCRIPTION 
The plasma-ion source sys tem developed a t  these 
laborator ies  and used for m a s s  spectrometer  calibration 
purposes i s  capable of producing monoenergetic beams of 
space charge neutralized ions of a l l  species (atomic and 
molecular)  f r o m  mass  1 to m a s s  40. Beam energies produced 
23 
t have been f rom 2 to 100 e V  of - 1 volt energy spread with 
maximum densit ies above 10 a m p s / c m  (10 to 10 ions /cc) .  
Figure 20 shows the presently configured calibration system. 
The important subsystems a r e  numbered on Figure 20 and 
noted below: 
- 8  2 4  5 
1. Main vacuum te s t  chamber 
2. Sapphire observation window 
3.  Mass spectrometer supporting flange 
4. Electronic ion source power supplies 
( P T L  installation de sign and equipment 
integration) 
Faraday cup retardation supply sys tem 5. 
6. System monitoring panel 
7. Beam density e lectrometer  
8. 
9. 
Gas specie inlet to ion source 
Ion source and source chamber 
10. Ionization gauge 
11. 
An automatic liquid nitrogen controller and r e se rvo i r s  
Rotary magnetic Faraday cup manipulator 
were  added to the system to provide extended sys tem operation 
with diffusion pump coolant. After initial cool-down, about 
10 l i t e r s  pe r  hour of liquid nitrogen a r e  required to maintain 
the p r e s s u r e  operating point. 
Figure 21 s h o w s  a view of the Calibration sys tem f rom 
the m a s s  spectrometer  calibration por t  side of the system. 
Figure 22 was taken during prel iminary calibration testing in 
1965 a t  which t ime a Bennett r. f .  m a s s  spectrometer  was 
installed in the system and data taken. 
and recorder  i n  the right foreground a r e  NASA Goddard Space 
Flight Center property used for  m a s s  spectrometer  operation 




Spectrometer a s  installed on the rotating table inside the 
calibration chamber. 
vacuum viewing port. 
orifices a r e  seen. 
Figure 23  shows the Bennett Mass 
This photo was taken through the 
Both low and high mass tube entrant 
Accepted techniques a r e  used in the circuit  integration 
of the system electrical  components. 
ernployed to confine the supply line ripple voltages to very 
low levels. Also, where r. f .  power i s  utilized, isolation 
is provided by radiation shielding and circui t ry  decoupling 
methods. 
has  been simplified to the point that minimal operation 
training is required for  calibration system use.  
Fil tering methods a r e  
It i s  believed that the entire system operation 
2 5  
IV. CALIBRATION SYSTEM PERFORMANCE AND ANALYSIS 
Since the ion beam pa rame te r s  obrained a r e  uniquely associated with 
the source operating conditions and the manner  of plasma creation, it will 
be necessary  and most  beneficial to discuss calibration sys tem performance 
f o r  each source system independently. 
The calibration data is  generally presented in the form of energy 
retardation, energy distribution o r  density c ros s -  section curves together 
with the pertinent source operating parameters  noted on the data sheet. 
It should be recognized, however, that p r io r  to any calibration run i t  will 
be necessa ry  to verify the energy and density distribution of the ion beam 
produced by use  of the Faraday cup system. 
pa rame te r s  is to be expected due to the inability of establishing the exact 
source operating point noted in the data presented. 
found copies of the actual source operating data measured  during beam 
pa rame te r  testing. 
shown to a s s i s t  in the establishment of the proper  source calibration 
operating point. 
Some small  variation in beam 
In the Appendix will be 
Data  sheets of this type a r e  included for  all beam resul ts  
A. FILAMENT SOURCE CALIBRATION RESULTS 
The initial work with this source involved the use of 
a 4 centimeter diameter orifice located in the center of the 
15 centimeter overal l  source diameter .  This provided a 
number of useful resul ts  which were  subsequently scaled 
for application to the desired 15 cent imeter  system. 
Therefore,  it  appears bes t  to descr ibe the 4 and 15 centimeter 
diameter  ion beams  produced separately for  bes t  appreciation 
of the interrelationships involved. 
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1. Filament Source, 4 Centimeter Diameter Ion Beams 
All data shown in this portion of the repor t  was 
taken for 4 centimeter beam diameter  with liquid 
nitrogen cooling unless  explicitly stated otherwise.  
Ion beams of 10 e V  energy were  produced with 
hydrogen, helium, nitrogen, neon, and argon. Since 
much m o r e  data was taken than can be included he re ,  
a summary,  Parameter  Comparison Chart ,  Figure 24 ,  
is a lso included which denotes the relationship 
between the important ope rating conditions which have 
been achieved. 
a r e  a s  noted below. 
a. Low Pres su re  Operation 
Fundamental pa rame te r s  of in te res t  
A breakthrough in the low p res su re  
operability of the sys tem has  been made by 
utilizing a "sealed" configuration. 
method a f iber  glass  matting i s  used a s  gasket 
mater ia l  about a l l  points in the source where 
gas leakage might occur.  
m e s h  is actually a perforated plate, where the 
open area of mesh  can be controlled by the number 
and size of the perforation holes made. 
much better differential p r e s s u r e  control since 
now only the source needs to be sealed and not 
the entire ionization vacuum chamber.  With the 
4 c m  beam and collimation tube in the system, 
chamber operating p r e s s u r e s  of 9 x 10 
1.1 x 10 and 1 .2  x 10 T o r r  have been obtained 
for  the production of ion beams of hydrogen, 
nitrogen and argon, respectively. 
With this 
Also the deceleration 
This permi ts  
- 6  
, 
- 6  - 6  
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b. Ion Beam Density 
The problem of low operating p res su re  
attainment i s  coupled with the observed ion beam 
density in  a manner  not well understood a t  present.  
To obtain the low operating p res su re  the open 
a r e a  of the perforated mesh  was gradually 
reduced f rom 1 c m  
0,167,  0.1 and finally to 0. 08  c m  . 
expected that a s  the low p res su re  operation 
improves the ion beam density would correspond- 
ingly be reduced. As i t  has  turned out, the 
beam density has  only slightly reduced over  
this interval. It appears  that a s  the operating 
pressure  i s  reduced and /o r  a s  the perforation 
holes diameters  a r e  reduced, a much m o r e  
efficient extraction process  i s  in effect and i s  
maintaining the beam density fairly constant. 
- 8  Ion beam densit ies of 4. 0 ,  3. 0 and 2.  0 x 10 
2 
a m p e r e s / c m  
of hydrogen, nitrogen and argon, respectively.  
2 
through steps of 0. 5, 0. 25 ,  
2 
It was 
have been obtained for 10 e V  beams 
C. Ion Beam Energy Sharpness 
A number of techniques were  instituted 
and evaluated leading to beam energy sharpness  
improvement. The neutral izer  f i laments were  
redesigned to operate a t  a lower voltage than 
previously used. Optimum neutralization appears  
to occur at filament levels of 2 volts and 4 amperes .  
The technique of using a double mesh  for the 
deceleration electrode was t r ied,  but no conclusive 
benefit could be observed. Therefore,  the 
28 
d. 
single fine m e s h  for  deceleration is quite 
adequate for referencing the emitted ions to 
ground potential. 
ion energy sharpness ,  however, appears  to be 
due to setting the electrode potentials in a 
definite manner with respect  to each other .  
It appears that the ion beam energy sharpness  
is much improved i f  the potential of the 
acceleration m e s h  is maintained a t  a positive 
value with respect  to cathode. 
conditions with a high level of ionization i n  the 
main anode region and a low level of neutraliza- 
tion, 10 eV beams a r e  produced with energy 
spreads in the 1 to 2 volt range. 
of the order  of 2 volts have been obtained for 
hydrogen, nitrogen and argon to date. 
Ion Beam Density in Cross-Section 
The grea tes t  improvement in 
Under these 
Energy spreads  
A number  of cross-sect ion density 
plots were made with 4 cm, 10 eV, hydrogen, 
nitrogen and argon ion beams. 
that the hydrogen ion beam appeared to be 
affected by s t ray  magnetic influences which s e e m  
to s tem f r o m  the manipulator magnet. 
effect  was el imirated by addition of a soft i ron  
shielding plate on the vacuum chamber top for  
magnetic field isolation. 
and argon beams,  the magnetic field effects a r e  
not noticeable with o r  without shielding methods. 
It was observed 
This 
For  10 eV nitrogen 
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e. Parameter  Comparison Chart  and Data Discussion 
Since much data has  been taken with 
various source /chamber  operating conditions, 
it was felt desirable  to review al l  data taken 
and summarize the resul ts  of pr imary  importance. 
The pr imary specification commitments of low 
operating p res su re ,  minimum energy spread, 
sufficient beam density and uniformity of c ros s -  
section density were  chosen a s  the parameters  
of interest  with the bes t  obtainable l isted in  each 
case. 
obtained a r e  l is ted the supporting conditions under 
which it was obtained. 
iations a r e  to be noted: 
Am o = Open a r e a  of the acceleration mesh  
Along with the value of best  parameter  
The following abbrev- 
(M2) in square centimeters 
2 
E = Ion beam energy spread in  volts 
(5070 density distribution) S 
2 - 8  D = Ion beam density in a m p e r e s / c m  x 10 
Pop. = Chamber operating p res su re  in  Torr .  
= Chamber background p res su re  in Torr .  
pB 
70 A 0  = Percent  deviation in beam c ross -  section 
density a c r o s s  the 4 c m  beam 
It is  seen f r o m  Figure 24 that for  4 cm, 10 eV 
ion beams of hydrogen, nitrogen and argon operating 
pressures  in the 10 mm Hg range a r e  obtainable 
wi th  A m  o values of 0.1 c m  . Also for this level 
2 
of source closure,  the energy spreads a r e  approach- 
ing the 2 volt width and the densities a r e  within 
specification. The density c ros s -  section is  reason- 
ably flat, l e s s  than 10% variation in the three cases .  
A number of plots a r e  included as  representative of 




Hydrogen data i s  shown in Figures  25 
through 29. It i s  seen that, a s  the background and 
operating p res su re  a r e  lowered, the ion energy i s  
sharpened. 
the data sheets. 
energy distributions while Figure 29 shows the case  
of 5 and 2 eV. 
m e r g y  spread exhibits a s  pronounced a sharpness  
as it does. This appears  to be an indication of the 
ion source ' s  eventual capability for  producing 
mono-energetic ion beams. Figure 26 ,  shows a 
typical density cross-sect ion for  the ion beam. 
The uniformity of this parameter  a c r o s s  a 
5 centimeter diameter  i s  about 14%. 
The important pa rame te r s  a r e  noted on 
Figures  25, 27 and 2 8  show 10 eV 
It i s  remarkable  that the 2 volt 
F i g u r e s  30 and 31 show resul ts  obtained 
fo r  a 10 e V  nitrogen ion beam using a composite 
deceleration m e s h  (M ) consisting of an  upper 
half made of a single fine wire  mesh  and a lower 
half composed of two paral le l  fine wire  meshes  
spaced about 1 c m  apart .  
that  the beam density is slightly lower and the 
energy slightly m o r e  spread for  the double m e s h  
case.  Also, in Figure 31, the beam density 
cross-sect ion is  shown and this reflects this 
density variation as a sharp  displacement about 
the beam centerline.  
1 
It i s  seen f rom Figure 30 
Typical data fo r  4 cm diameter  a rgon  ion 
beams a r e  shown in Figures  32 and 33. 
31 
2. Filament Source, 15 Centimeter Diameter Ion Beams 
As in the case  of 4 centimeter diameter beam 
production, the problems associated with the 15 centimeter 
case  a r e  related to the attempt to simultaneously optimize 
all the beam parameters  of interest .  
low operating pressure,  low and mono-energetic energy 
and uniform density distribution over  the beam c ross -  
section. Frequently, changes made in source design 
aimed at improvement of one parameter  have adverseiy 
affected another beam property. Therefore, the cal ibra-  
tion sys tem configuration and resul ts  presented a r e  
necessar i ly  a compromise between competitive designs 
to accomplish trade-off of the beam parameters  in the 
m o s t  desirable manner.  Since much data was taken with 
the source in a number of specific design configurations, 
it appears  best to descr ibe each of these designs and the 
analysis of results separately such that they may bes t  
be duplicated for special  calibration purposes. Then, 
i f  the calibration application involved requires accurate  
definition of a par t icular  beam parameter ,  but some 
relaxation in the knowledge o r  control of other pa rame te r s  
i s  permissible,  the optimum source configuration may be 
selected. 
involve the relative placement of internal source electrodes 
and the extraction (acceleration) mesh  configuration used. 
The source descriptions which follow generally detail 
the design used. Additional source data, including 
electrode potentials and cur ren ts ,  i s  found in the 
Appendix where copies of the actual data sheets a r e  
included. The proper  data sheet is found by correlating 
the dates shown on the plotted tes t  resul ts  and the data sheet. 
These a re :  
The general  differences between designs 
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a. Forty- Hole Ion Extraction Mesh Configuration 
Testing of this configuration consisted of 
filament source operation producing 10 eV, 15 cm 
beams of hydrogen and nitrogen ions. 
of the beam was employed in all tes t s  and liquid 
nitrogen employed for  diffusion pump cooling. 
Minimum operating p res su re ,  energy sharpness  
and beam cup ion density/incidence angle variation 
data a r e  shown. 
Low Pres su re  Operation: 
Collimation 
-5  Operating p r e s s u r e s  of 5.2 and 1.6 x 10 mmHg 
were employed to produce 10 eV beams of hydrogen 
and nitrogen respectively. These p re s su res  do not 
r ep re  sent the minimum achievable but r ep re  sent 
stable operating points about which a number of 
beam parameters  may  be varied and the resul ts  
analyzed. These p re s su res  were  obtained with 
a 40-hole acceleration mesh  plate (see Figure 3 4 )  
with an open a r e a  of about 0 .06  c m  . 
that this represents  a source system which is 
virtually completely sealed off, it is  doubtful that 
further improvement in operating p res su re  is 
possible. 
source electrode flanges and gaskets is grea te r  
than that which passes  through the source itself. 
Perhaps only a source constructed of a solid shell  
with sealed electrodes and not gasketed would 
permit the attainment of fur ther  reduction in  
operating p res su re .  
produced with a l l  gases  at p re s su res  below 
3 x 10 
2 
Considering 
Very likely the leakage of gas about the 
Since ion beams have been 
- 5  - 6  
mm Hg for  a 15 c m  beam and 10 mm Hg 
3 3  
range f o r  a 4 c m  beam it i s  felt that m o r e  
p rogres s  and benefit can be gained by attacking 
the problems of energy sharpness  and density 
c r o s s -  section uniformity. 
in this section note the operating p r e s s u r e s  
ob taine d . 
Ion Beam Density: 
All data plots shown 
The ion beam densit ies produced with the 
reduced mesh  open a r e a s  have remained fair ly  
constant and consistent with the density levels 
for  la rger  open a r e a s .  Cup cur ren ts  of 0 .1  to 
0 . 2  (x 10 
- 8  2 
curren t  densities of 1 to 2 x 10 a m p e r e s / c m  
have been produced for  10 e V  ion beams of a l l  
the gases of interest .  
Ion Beam Energy Sharpness:  
-8  
) amperes  corresponding to beam 
Energy level and sharpness  a r e  calculated 
f r o m  ion beam retardation data taken a t  various 
positions a c r o s s  the beam diameter .  
var ied a r e ,  (1)  the influence of the various 
magnetic shielding methods employed, and ( 2 )  the 
two neutralizing filament (bottom o r  side located) 
configurations upon the ion beam energies.  
Figure 35 shows an energy cross-sect ion taken 
ac ross  a hydrogen ion beam a t  positions referenced 
to beam center of t4, 0 and -4 centimeters.  
Although density variations a t  these points a r e  
noted f rom the cup cu r ren t  curves  a l so  shown, it 
i s  seen that the energy peaks a t  about 8. 5 volts 
a r e  quite consistent. Therefore,  energy uniformity 
in beam cross-sec t ion  i s  good. 
P a r a m e t e r s  
Figure 36 shows 
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retardation curves for 10 and 5 e V  nitrogen ion 
beams and energies for  the cases  a s  noted a t  
various positions within the beam. 
the energy sharpness i s  under 2 volts for these 
cases .  
It i s  seen that 
Experimentation indicates that ion beams 
produced i n  a 2-hole m e s h  configuration, spaced 
4. 7 cm. do not overlap within the 2 5  cm distance 
between the source and the Faraday cup. 
the density and energy data shown in Figure 37 
a r e  typical of a single isolated beam expanding 
in cross-sect ion due to i t s  own internal force 
interactions. 
quently used to design a perforated plate hole 
pattern which more  near ly  optimized the c r o s s -  
section density. 
Ion Beam Density in  Cross-Section: 
Therefore,  
Knowledge of this data was subse- 
Figures 38 and 39 show retardation and 
cross-sect ion data for a 10 e V  hydrogen ion beam. 
This data was taken for  a 49-hole mesh  with 
rectangularly equal spacing between holes. 
seen that the center  position cur ren t  i s  slightly 
grea te r  than at the f 4  cm positions. A 40-hole 
m e s h  was, therefore,  constructed which located 
the open a r e a  outward f rom the center.  
and 41 show the resu l t s  of this configuration. 
is seen that the center  of the beam i s  now of lower 
density than the outer portion and the per ipheral  
a r e a  is  beginning to sharpen in the region of drop-off. 
It i s  
Figures  40 
It 
35 
Beam cross-sect ion uniformity of about 2070 
over 10 o r  11 centimeters is  in evidence f rom 
these data. 
Ion Current  as  a Function of Attitude Angle: 
A number of retardation plots were  made 
a t  4 cm below beam center for various cup 
rotation (attitude) angles. 
and Figure 43 for nitrogen show that the cup 
cur ren t  density drops off with attitude ang:le. 
the energy of the ions captured by the cup is 
reduced with angle off normal.  
roughly that a 10 eV beam a t  O o  appears  to become 
an 8. 5 eV beam a t  - 2 0  
f40°. 
Figure 42 for hydrogen 
Also 
Figure 42 shows 
f o  and a 5 to 6 eV beam a t  
b. 113-Hole Extraction Mesh Configuration 
Filament source data taken was obtained 
using a new acceleration extraction mesh  hole 
pat tern with 113 holes of 0. 018 inch diameter  
( see  Figure 44, Template 4).  This provided a 
mesh  open a r e a  of  0.17 c m  . It had been observed 
f r o m  the 40-hole configuration that the differential 
p ressure  which develops a c r o s s  this mesh  can 
cause the plate to bow out in  the downstream 
direction. Since this causes  an uncontrollable 
divergence in t h e  beam density, i t  was decided 
to use a thicker stock plate in this design. The 
plate thickness was increased f r o m  0. 025 inches 
to 0. 011 inches with improved resul ts .  
the parameters  of beam energy sharpness  and 
density c r o s s -  section were  improved with this 




Filament P lasma Source Results: 
Nitrogen ion beams of 10 e V  energies  were  
produced and measurements  taken with both the 
old and new Faraday cups, noted in Section HI., D . ,  
to provide a comparison. 
supported on the same manipulator rod a s  the old 
cup, aligned coaxially with the old cup, and 
positioned three cent imeters  below it. 
manner  data taken on energy and deiisit.,. a c r o s s  
the beams produced can be readily coerelated.  
A comparison of old vs. new cup data is shown in 
Figure 45. 
of the curve i s  much sha rpe r  fo r  the new cup, 
indicative of sha rpe r  ion energy distribution. 
Also some variation in energy sharpness  is noted 
for  various bias potentials on the cup mesh  (E ). M 
These variations a r e  noted in Figures  45 and 46. 
The sharpest  energy is in evidence with 
E 
in Figure 47. 
maximum energy of 8. 5 eV i s  observed. 
should also be noted f r o m  Figure 45 that the new 
cup provides f iar ly  sharp  retardation curves for  
lower beam energies ,  e. g . ,  the 6 eV shown. 
The new cup was 
In this 
It is seen that the break  in the knee 
= - 3  V and a plot of this distribution is  shown 
M 
The energy range of ?l volt a t  
It 
The uniformity of c r o s s -  section density as  
measured  with both cup sys tems is sho,wn in 
Figure 48. 
side-located neutralizing filament operating. 
Beam densit ies a r e  seen to be quite flat over 
10 centimeters.  
experimentation i s  required to extend the l imits  
This data was taken with a single 




beyond that point. 
noted in the following section of this report .  
Non-planar Extraction Mesh Designs 
Some of these techniques a r e  
A s  noted in the above Sections a. and b . ,  
the beam parameter  which m o s t  successfully 
r e s i s t s  refinement is  that of ion density c r o s s -  
section over the la rge  d iameters  desired.  
The controllable beam propert ies  of sufficient 
density, low energy, mono-energetic nature and 
low p r e s  sure  ope ration have been gene ral ly  attained. 
The cross-sect ion density, however, is dependent 
upon al l  of these beam conditions in addition to 
perhaps others not well understood. 
techniques attempted involved the modification 
of the plasma containing region and the source 
ionization electrodes '  configurations. These 
changes provided only l imited success .  
Many 
Typical 
of the difficulty encountered in  creating low 
energy ion beams of uniform cross-sec t iona l  
density i s  the data shown in Figure 49. 
density is  noted in the cent ra l  beam region with 
reduction in the per ipheral  a r ea .  Since perfect  
space- charge neutralization is  not possible over 
the broad diameter  (15 cent imeter)  of the beams produced 
internal coulombic forces  of mutual repulsion c rea te  
a divergence and spreading of the outer reaches of 
the beam cross-sect ion.  
Faraday cup readings in these regions. 
effor t  to improve the density c ross -sec t ion  
uniformity, an approach was  taken which modifies the 
Maximum 
This i s  evidenced by lower 
In a final 
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Y 
flat-planar extraction mesh  condition. 
effort to keep the number of source operating 
var iables  at a minimum number i t  was decided to 
produce only 15 c m  diameter ,  10 eV nitrogen beams 
for  this work. Also, for  all t e s t  data the operating 
p r e s s u r e  was reduced to the minimum value consistent 
with acceptable beam densit ies.  
configuration consists of a slightly curved acceleration 
m e s h  plate with curvature  outward f rom main anode 
and with a new hole pattern.  
of this plate is  about 21 inches and it contains 108 
holes of 0. 018-inch diameter .  The hole pat tern 
i s  shown in Figure 50 with Faraday  cup axis a s  
indicated. The operational concept of this m e s h  is 
to provide a calibrated slightly divergent ion beam 
which will of necessity,  by formation, provide 
depletion of the center  ion beam density. 
it is possible to extend the c ross -sec t iona l  diameter  
of the beam beyond the acceleration meshes  
geometrical  diameter.  
that  although the c ros s -  section uniformity i s  poor,  
the individual beams comprising the total beam a r e  
being observed at positions and spacings a s  noted 
which a re  grea te r  than the physical hole spacings 
on the extraction mesh. Therefore,  the method 
showed promise  for  extending the c r o s s -  section 
and another non-planar mesh  design was configured. 
In an 
This m e s h  
The radius of curvature 
Also, 
The data of Figure 51 shows 
This final extraction mesh  configuration 
is  shown in Figure 52 which consists of holes of 
0. 018 inch diameter  located upon both flat and 
rcrnical portions of the mesh  plate. The profile 
39  
view of this arrangement i s  shown below the plan 
view of the hole pattern. 
provide a controlled beam divergence which will 
reinforce the per ipheral  beam density and provide a 
controlled beam divergence which will reinforce 
the peripheral  beam density and provide a more  
uniform density cross-sect ion.  Typical of c ross -  
section data obtained with this mesh  arrangement  
is that shown in Figure 5 3 .  It is seen that defiiiite 
density contributions have been made to outermost 
regions of the ion beam. The uniformity produced 
i s  about 15% over  10 o r  11 cent imeters  with rapid 
drop-off beyond this point. 
permi t  further extension of this concept, it appears  
that some improvement in uniformity may  be 
possible by this method. 
The attempt he re  being to 
Although time did not 
Summarizing the above data on the filament 
source systems, ion beams in the 10 and l e s s  eV 
energy range have been o r  can be produced with a l l  
gaseous mass species between 1 and 40 AMU. 
t section densities uniform to -10% a r e  being obkained over  
10 centimeters beam diameter ,  energy spreads of the 
o r d e r  of -1 volt and densities of 10 a m p s / c m  o r  
bet ter  a r e  obtained reliably and with consistency. 
Attendant with the above, operating p res su res  in the 
-6  Torr  range a r e  ob*ainable with liquid nitrogen 
cooling for  a l l  beams produced. 
Cross-  
t - 8  2 
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I "  B. RADIO FREQUENCY SOURCE CALIBRATION RESULTS 
Fifteen-centimeter radio frequency source data was extensively 
taken during two widely separated periods in the calibration sys tem 
development. 
they will both be presented and in the chronological o rde r  taken. 
Since fundamental in te res t  centered about the atomic ion concen- 
tration in these r. f .  produced beams,  l iberal  use was made of the 
diagnostic m a s s  spectrometer  for determination of atomic to total 
ion content. Also, this device provided an exceedingiy useful check 
upon the ion beam energy a s  determined f r o m  Faraday  cup 
retardation data. 
(10 eV o r  l e s s )  ion beam production by r. f .  means a technological 
breakthrough has  been achieved. This manner  of referencing the 
r. f.  plasma potential to ground is  unique and original in the ion 
beam production field. 
1. 
The resu l t s  obtained supplement each other ,  therefore ,  
It i s  believed that in the a r e a  of low energy 
Source Configuration Tested During April 1966 
Initial data taken out was obtained with this source 
configured with a 45-hole acceleration m e s h  a s  shown in 
Figure 54, Template 3. Recent rework of the data taken 
a t  this ear ly  time, in the light of m o r e  recent diagnostic 
tes t s  and understanding, has  indicated that beams reported 
a s  10 eV at this t ime were  actually in the 30 - 50 eV range. 
Posit ive correlation of Faraday  cup and m a s s  spectrometer  
energy measurements  was not made until the l a t e r  period 
during which the data of B. ,  2 ,  was  taken. 
have been corrected for  this e r r o r  and, although the data 
is  representative of somewhat higher energies  than desired,  
it is  valid and meaningful. 
The data plots shown 
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I ’ -  a. Nitrogen Ion Beams 
Mass analysis of an  r. f. produced nitrogen 
ion beam is shown in Figure 55. 
of source operating pa rame te r s  upon the atomic to 
molecular  ion ratio were  observed and calculated. 
Figure 56 shows the ratio variation with p r e s s u r e  
and indicates l i t t le change over the 8 x 10 
3 x 10 
beam energy is controlled by the main anode 
voltage since a l inear  relationship exis ts  between 
the setting of main anode voltage and scan voltage 
at which the m a s s  spectrometer  finds the par t icular  
ion specie. 
this l inear relationship. 
discovered that this is  t rue  but that the manner  of 
referencing the plasma potential to c rea t e  the low 
energy beam was quite unique. 
described in Section III., B . ,  2 . ,  with t e s t  data 
to be presented in IV., B. Figure 58 shows the 
ratio for  various acceleration m e s h  potentials. 
It appears that the ratio holds r a the r  constantly for 
extraction mesh  potentials of reasonable values, 
i. e . ,  -100 to -300 volts. 
of about 207’0 to 2570 atomic holds fa i r ly  constant 
for  the 40 eV energy case  shown. This ratio of 
atomic to molecular  nitrogen ion content i s  about 
*ice that obtainable with the filament source.  
The effect of a number 
- 6  
to 
-5  
Torr  range. Figure 57 shows that the ion 
Both m a s s  species  a r e  seen to exhibit 
It was subsequently 
This method is  
It appears  that the ratio 
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b. Hydrogen Ion Beams 
Mass Analysis : 
Data for  a 10 e V  hydrogen ion beam is shown 
in Figure 59. 
determine the specie amplitudes, the relative levels 
of these mass  specie concentration ratios and not 
the absolute values for any mass i s  representative 
of the actual situation. 
concentration ratio i s  indicative of the relative 
Since a single magnet i s  used to 
Since the atomic specie 
atomic percent within the beam, many source 
parameters  were  varied to obtain the maximum 
relative percent of atomic ratio. Figure 60 shows 
the relative percent of atomic hydrogen ion to total 
) content a s  a function of hydrogen ion (7’0 -t 
Ht 
HT 
accelerating mesh  potential. 
ra ther  pronounced peak occurs  at E 
Also, the individual specie concentrations appear 
quite sensitive to mesh  potential (note H 
example). 
It i s  seen that a 
= -130 volts. 
M2 
t 
for  3 
for  a Figure 61 shows the 70- t 
Ht 
HT 
range of main anode potentials. 
rather constant at a relative value of 607’0 atomic 
composition. 
specie concentrations a s  a function of operating 
pressure .  Also the 7 ‘ 0 7  
The ratio appears  
Figure 62 shows the relative ion 
i s  plotted. It i s  
H+ 
interesting to note that the lowest p re s su re  provides 
the highest atomic ratio, but that the ratio again 
r i s e s  a s  the p re s su re  increases  beyond the normal 
opt: i-ating reginn. 
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Beam Density in Cross-Section: 
Figure 63 shows data taken of a 60 e V  
hydrogen ion beam for  the conditions noted. 
seen that a s imilar  problem of extending the beam 
beyond 8 to 10 c m  diameter i s  in  evidence with 
the r .f .  source system. 
It i s  
2. Source Configuration Tested During July 1967 
a. R. F. Production of Low Energy Ion Beams 
As noted ear l ie r ,  a fundamental difficulty i s  
found in attempting to extract  ions f rom r. f .  p lasmas 
at energies below about t 3 0  volts. 
ion energy referencing, which utilizes an electrode 
(main anode) immersed  in the plasma, forces  the 
plasma potential to the potential of this mos t  
positive electrode. 
plasma (as produced in the filament source)  this 
appears  to work quite well. The d. c. plasmas 
apparently have little des i re  to establish themselves 
One method of 
F o r  direct  cur ren t  (d. c. ) 
a t  pot1 
levels 
cloud 
ntials below ground potential and/or  at 
other than directed by the main anode. 
For r.f. plasmas,  however, the ionized 
s driven to a negative potential with respect  
to ground by an amount directly proportional to 
the r. f. oscil lator input power and inversely 
proportional to the source operating pressure .  
Apparently, the oscil latory electrons creating the 
ionizing cloud drive the plasma to potentials 
negative with respect  to ground. Therefore,  with the 
main anode potential placed at zero volts (should 
produce a zero eV ion beam), beams of 3 0 t  volts 
44 
were  obtained. The logical solution, then is to 
r eve r se  the polarity on the main anode supply to 
search  fo r  lower energy beam production. It 
was found that the conditions of p re s su re  and 
r. f .  excitation level fixed the plasma potential 
below ground and it was possible to produce ion 
beams of energies which correspond to the 
difference between the plasma potential and the 
negatively driven main anode potential. The refore;  
beams of a s  low energy as desired may  be produced 
a s  in the case of the filament source.  The beam 
densities a r e  quite low, however, but this was 
partly due to a malfunction of the neutralization 
circui t  and densities f rom 5 to 10 t imes l a rge r  
than the da ta  shown a r e  to be expected in the 
reconstituted delivered operational unit. To 
preserve consistency of data all testing undertaken 
was generally f o r  the production of 10 eV nitrogen 
ion beams. 
operating pressure ,  source potentials, r. f .  
ionizing power input and atomic to total ionic 
ra t ios  for  this standa-d beam type has  been the 
calibration goal of this experimentation. 
Establishment of True Beam Energy 
Definition of such pa rame te r s  a s  
b. 
Two simple independent energy calculations 
may  be made f rom m a s s  spectroscopic data f o r  
comparison with the Faraday retardation data to 
definitely establish the t rue  ion beam energy. 
The m a s s  spectrometer  will provide mass peaks of 
a l l  ionic species within the beam for  two different 
magnetic field strengths,  (not hydrogen o r  helium 
45 
c 
case) .  Since the major  peaks for  nitrogen 
ions will be  N and N , and these a r e  the la rges t  2 
magnitude peaks obtainable, if a nitrogen beam 
is being produced, no confusion exists correlating 
the scan voltage reading with the particular ionic 
specie involved. 
always be at the lower scan voltage, using any 
par t icular  magnet, and of a value about one-half 
that of the atomic ion peak. 
then may be calculated: 
t t 
The molecular ion peak will 
The ion beam energy 
E = V atom, - 2 V mol. (for any one magnet) I S  S 
This calculation may be quickly made for both 
magnets and a check on the energy obtained. 
As seen, the calculation is independent of the 
magnetic field strengths and requi res  knowledge 
only of the m a s s / s c a n  voltage relationship. This 
method works for all diatomic g a s  species where 
a 2 : l  mass  ratio exists between ionic species. 
All energy data presented in this section was 
correlated by this method and much confidence and 
respec t  developed for  this technique. 
C. Initial Attempts at Low Energy R. F. Production 
Figures 64 through 68 i l lustrate  the 
parametr ic  relationship existing between beam 
energy, operating p res su re ,  r.  f .  power input 
and source electrode potentials. 
Figure 64 shows the relationship between 
beam energy produced and the level of r. f .  input 
power for two fixed operating p res su res  and main 





of power input produces proportional increase  in 
the beam energy. 3 is defined as the ratio 
Nt 
t Nt t N2 
and has been calculated and shown on this and 
other Figures presented. 
Figure 65 notes the relationship between 
beam energy and anode to ground potential for  
three operating p res su res .  Constant r. f .  power 
input has  been maintained to f i x  this parameter .  
I t  is seen that energy reduction is indeed taking 
place a s  the main anode voltage is increased 
negatively with respect  to ground. 
Figures 66 and 67 represent  data taken 
with liquid nitrogen cooling of the diffusion pumps. 
Figure 66 shows that for r. f .  power levels in the 
60 ma class  and a t  p re s su res  of 8 x 10 
nitrogen beams in the 10 eV range a r e  obtainable 
fo r  main anode potentials of the o rde r  of -35  volts. 
Figure 67 shows that even with high levels of r. f .  
driving power it is  possible to  extract  low energy 
ions if the main anode potential i s  made sufficiently 
negative. I t  should be noted, however, that under 
the conditions shown 3 has  become very small. 
It appears that over- excitation of the gas-producing 
plasma i s  detrimental  to the production of beams 
of high atomic ion population. 
Energy and Cross-Section Density Measurements 
- 6  
Tor r  
d. 
Figure 68 shows a se t  of energy retardation 
curves taken for  a 10 eV nitrogen ion beam under 
the conditions noted. The beam density is seen to 
47 
e 
be low and to be reduced even fur ther  at the 
lower pressures .  However, the sharpness  of 
curve drop-off indicates some mono- energeticity 
for  the beam. The values a l so  a r e  given with 
the highest ratio of about 25% at an  operating 
p r e s s u r e  of 9 x 10 - 6  Torr .  
Figure 69 shows beam c r o s s -  section 
data taken for  conditions a s  in Figure 68. 
c r o s s -  section density i s  seen  to vary  considerably 
with operating p r e s s u r e  and  fur ther  refinement of 
ion extraction geometry is  necessary  to uniformize 
this beam property. 
Beam Character is t ics  with Liquid Nitrogen Cooling 
The 
Since the majori ty  of beam testing made to 
this point was accomplished without liquid nitrogen 
cooling, it was considered desirable  to re-evaluate 
these source propert ies  through use of this 
refinement. A 10 eV nitrogen beam was established 
- 5  
at a p res su re  of 1 x 10 
by Faraday cup and mass spectrometer  methods, 
Liquid nitrogen was added to the cold t raps  and 
within fifteen minutes the operating p r e s s u r e  
-6 
stabilized at 4. 2 x 10 Torr .  No discernible 
T o r r  with energy checked 
change in energy o r  beam density could be seen 
during this t ime period which implies that, although 
the t e s t  chamber p r e s s u r e  has  reduced by a factor 
of about 2 . 4  t imes,  the source  p re s su re  within the 
ionization cylinder has  remained the same. 
of this fact  i s  important since it is desirable  





not affect the operational character is t ics  of the 
ion source o r  its parameters .  
Figure 70 shows four calculated values 
These data for 10 eV energy ion beams produced. 
were  obtained a t  the various operating p r e s s u r e s  
noted and show the typical 15% to 25% maximum 
atomic to total ionic ratio which has  pers i s ted  
for these beams. 
to maximize the m a s s  spectrometer  on the N 
scan voltage peak a t  p r e s s u r e s  in  this range to 
find the operating point with the la rges t  g. 
In no case was it possible to obtain m o r e  than 
about 3070 atomic population. It is believed that 
a m a s s  separator of the Bennett tube design, a s  
described in an  ea r l i e r  le t te r  on this contract, 
i s  required and will permi t  the achievement 
of producing beams of essentially monatomic 
compo s i tio n. 
A number of efforts were  made 
t 
Figures 71 and 72 show retardation plots 
and energy distribution for  the 10 eV beams 
produced. 
10 Torr  range. Figure 71 shows the reduction in  
beam current  with reduced operating pressure .  
As seen f rom Figure 72, however, the beams a r e  
ra ther  mono-energetic of roughly 1 to 2 volts 
spread on the major  lobes. 
The operating p r e s s u r e s  cover the 
- 6  
An observation was made a t  this point which 
appears significant but was not possible to pursue 
further.  It appears  that the manner in which the 
neutralizer filament is referenced to ground has  
49 
a bearing on the beam energy determination. 
Either the beam energy distribution i s  affected 
by this grounding means o r  the Faraday cup 
system is biased by this effect. 
two 10 eV beam retardation curves for  the cases  
of neutralizer filament ring grounded and 
ungrounded. 
their  energy distribution curves of Figure 74,  
that the main energy peak sharpness,  peak shift 
and energy distribution a r e  affected slightly by 
this ground condition. 
Figure 7 3  shows 
It is seen f rom these data and f rom 
In summary,  it is seen f rom the data 
presented that controllable low energy ion beams 
a r e  produced by the r. f .  source sys tem as 
presently configured. 
of 2 to 3 eV a r e  in evidence for a 10 e V  nitrogen 
ion beam. 
about 3070 appear maximum for this source 
configuration. 
content available f r om the filament source sys t em 
described ear l ie r .  
a r e  possible since the r . f .  breakdown of gas is 
more efficient than the hot filament method for 
plasma production. 
produced and sustained a t  operating p res su res  of 
- 6  
2 x 10 Tor r  with liquid nitrogen cooling used for 
cold trapping. 
appear lower by a factor of 4 to 10 t imes those 
generated by the filament source. 
density cross-sect ion uniformity is  related to the 
Energy spreads of the o r d e r  
Atomic to total ionic populations of 
This is about twice the atomic 
Very low operaing p res su res  
Nitrogen beams can be 
The 10 eV beam densities produced 
Since ion 
50 
beam flux density, some variation in  this 
pa rame te r  i s  a l so  observed. However, at the low 
densit ies obtained, generally more  uniform and 




Much data has  been presented detailing the performance of the various 
ion source configurations tested. 
operating points for  the calibration testing purpose intended. 
beam parameters  a r e  rather invariant to operating point variance while others 
a r e  notoriously sensitive to system changes. 
the accurate  setting of system- operational pressure .  
is of secondary importance as long as operating p res su res  in the i0 
and lower range a r e  used. Beam energies, once established, a r e  quite 
stable due to the well regulated, ripple-free power supplies used to establish 
the source electrode potentials. Also, for  a given s e t  of operating conditions 
very reproducible data can be taken of the atomic to total ionic content of 
the r. f .  beams produced. 
guarantee consistent reproduction for  a given source operating point a r e  the 
absolute value of beam energy, the beam mono-energeticity and the c ros s -  
section density distribution. Generally, i f  the data presented a r e  used for  
sys tem calibration set-up, the beam parameters  obtained will resemble the 
test resu l t s  presented. It should be understood, however, that this 
calibration system is in every sense a r e sea rch  tool and not relatable to 
production, on-line, quality control applications. If c a r e  is taken in the 
establishment of the system operating point and the diagnostic tools provided 
proper ly  employed, r. f. mass spectrometer calibration can be accomplished 
to within the capabilities of the beam parameters  as outlined. 
In general, these data a r e  akin to isolated 
Certain ion 
Fundamental in a l l  ca ses  i s  
The background p res su re  
-5-- l u r r  




Report Figures  and Ion Beam Calibration Plots  
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LEFT FRONT VZW 
RF ION MASS SPECTROMETER CALISRATZON 
TON S m t M  
Figure 1 















Exploded view of filament source  components 
Figure 5 
Exploded view of hollow cathode assembly  

Figure 8 
Electronic  power supply rack assembly  
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FILAMENT SOURCE ELECTRONIC SCHEMATIC 
Figure 9 
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Radio Frequency Source Electronic Schematic 
Figure 10 




Two views of r.f. power supply construction 
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Faraday  cup installation in vacuum chamber 
Figure i 6  
M a s s  Spectrometer  - assembled  view 
, 
Figure 17 
Mass  spectrometer  sys t em installation 
Figure 18 
Rotating table and manipulator assembl ies  
Figure 19 
Rotating table installation i n  vacuum chamber 
10 l 1  5 7 8 9 6 
personnel  of P T L ,  and provides the data a s  noted in  Section I V  
of this repor t ,  relating to calibration sys t em performance.  
Figure 21 
Integrated calibration sys t em 
Figure L 2  
System installation during GSFC t e s t s  
Figure 2 3  
Bennett spec t rometer  installation in  calibration sys tern 
t- 
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